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Abstract
In recent years, micropattern gaseous detectors, which comprise a two-dimensional readout structure within one PCB layer, re-
ceived significant attention in the development of precision and cost-effective tracking detectors in medium and high energy physics
experiments. In this article, we present for the first time a systematic performance study of the signal characteristics of a resistive
strip micromegas detector with a two-dimensional readout, based on test-beam and X-ray measurements. In particular, compar-
isons of the response of the two independent readout-layers regarding their signal shapes and signal reconstruction efficiencies are
presented.
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1. Introduction
Since its invention in 1996 [1], the technology of Mi-
cromegas detectors has been under constant development [2].
In recent years, Micropattern gaseous detectors received sig-
nificant attention in the development of precision and cost-
effective large-scale tracking detectors fo high-energy physics
experiments [3], [4]. The first Micromegas detectors with a
two-dimensional readout structure integrated within one PCB
board and a resistive strip layer, have been developed within
the RD51 [5] and MAMMA (Muon ATLAS Micromegas Ac-
tivity) collaborations [6]. Micromegas detectors with such a 2D
readout implementation have the advantage of a reduced mate-
rial budget, and even more importantly for a fixed mechanical
structure of two readout-layers.
A typical layout of a Micromegas detector is shown in Fig-
ure 1. A planar drift electrode and a readout electrode are sep-
arated by a gap of a few mm. While the drift electrode is cov-
ered uniformly with a conducting layer, e.g. copper, the readout
electrode is usually made of a PCB board with a uniform struc-
ture of conductors, separated by insulating material. The strip
width and the distance between strips can be chosen depending
on the final application. The gap between the two electrodes
is filled with an ionization gas, e.g. a 90:10 mixture of Argon
and CO2. A metal mesh is placed at 50-100 µm above the read-
out electrode, defining two volumes. The volume between the
drift electrode and the mesh is called drift volume, the volume
between mesh and PCB is the amplification volume. In order
to create the drift and amplification environment, two external
voltages are applied to the drift cathode and the resistive strips.
A typical electric field in the drift volume is ≈ 600 V/cm. A
significantly higher electric field of ≈ 50 kV/cm is reached in
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the amplification volume. This high electric field might lead to
sparks, resulting in dead-time and potential damage to the de-
tector and the subsequent readout-system. Therefore, the read-
out strips are covered with a resistive protection layer [7] that
consists of a thin insulator with a resistive paste. The resistive
protection layer has a resistivity in the order of ∼ MΩ/cm, and
usually matches the geometry of the readout electrodes, in order
to minimize a charge spread over several readout strips.
A charged particle that enters the drift volume ionizes gas
atoms, generating free electrons. These electrons drift along
the electric field lines to the mesh with a typical velocity of
≈ 5 cm/µs. The mesh appears transparent to the drift electrons
because of the larger electric field in the subsequent amplifi-
cation volume. Once the drift electrons reach the high elec-
tric field in the amplification volume, they are accelerated suf-
ficiently to cause a cascade of secondary electrons (avalanche)
leading to an amplification factor of ≈ 104 within 1 ns. These
secondary electrons reach the resistive layer and induce a signal
on the readout electrodes, via a capacitive coupling to resistive
strips. A detailed introduction to the signal formation in Mi-
cromegas detectors can be found in [8].
In this paper, we describe the performance of a Micromegas
detector with a two-dimensional readout structure. A schematic
layout is illustrated in Figure 2. In contrast to conventional Mi-
cromegas detectors, this layout foresees two independent read-
out electrodes in orthogonal directions (denoted as x and y in
the following), printed onto the same PCB. While previous
studies [9] focused on the performance of those detector lay-
outs for one specific configuration, we present here a compre-
hensive list of signal characteristics on both layers results in
dependence of the chosen gas-mixture, amplification-voltages
(VA) and drift-voltages (VD). In particular, we compare the sig-
nal identification efficiency of both layers with respect to each
other and the differences in the corresponding signal shapes.
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Figure 1: Illustration of basic principle of a Micromegas detector, with two inci-
dent ionizing particles. The incident particles ionize gas atoms, and the resulting
secondary electrons drift to the lower mesh where they initiate to an electron
cascade that can be measured on the readout strips.
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Figure 2: Illustration of a spark protected Micromegas detector with two-
dimensional layout. View along the readout strips in y- (upper) and x-direction
(lower). The resistive strips cover only the upper readout-layer, while the second
readout layer is separated with isolating material.
The paper is structured as follows: In section 2, the detec-
tor layout and the experimental setups at the MAMI (Mainzer
Mikrotron) accelerator and for X-ray measurements are de-
scribed. The signal characteristics are described in section 3,
while the efficiency studies are presented in section 4. A sum-
mary and concluding remarks can be found in section 5.
2. Prototype Micromegas Detector and Experimental Con-
ditions
The test chamber used for the studies presented here is based
on a previous detector design by the MAMMA collaboration
[9], which focuses on the development and test of large-area
muon detectors for the upgrade program of the ATLAS ex-
periment. The readout electrode comprises 360 copper read-
out strips in each of the x- and the y-direction, where the strip
pitch is 250 µm for both layers. The readout strips of the up-
per layer (defined as y-layer) are printed directly on top of the
PCB and are covered by the resistive strips with a resistivity of
≈ 20 MΩ/cm. The lower layer (defined as x-layer) is separated
from the upper layer by 70 µm of FR4, i.e. the same material
used as isolating material in the PCB. The readout strips of the
x-layer have a width of 200 µm and are placed parallel to the
resistive strips, while the strips in the y-layer have a width of
80 µm and are perpendicular placed to the resistive strips. The
larger width of the x-layer readout strips compensates for the
weaker capacative coupling to the strips of the x-layer.
The amplification mesh is made of woven stainless steel of
157 lines/cm with a line-diameter of 18 µm. It is mounted
on support pillars of 0.4 mm diameter and covers an area of
10 × 10 cm2 which defines the active area of the detector. The
support pillars are placed along a regular matrix with 2.5 mm
spacing in both directions.
The data acquisition is based on the RD51 Scalable Readout
System (SRS) [10, 11]. The signalprocessing on the detector is
based on the Analog Pipeline Voltage chip with 0.25 µm CMOS
technology (APV25) [12] where the analog signal data is trans-
mitted via HDMI cables to SRS electronics. The SRS electron-
ics process the analog signal which is then further analyzed. It
should be noted that the heigth of the recorded readout signal
can be interpreted as a measure of the charge on a given readout
strip at a given time.
The test-beam measurements of the chamber have been con-
ducted in August 2013 at the MAMI accelorator facility at the
Johannes Gutenberg University Mainz. MAMI provides a quasi
continues electron beam with energy up to 1.5 GeV. A beam
energy of 850 MeV was used for the measurement in this paper.
Because of the operation conditions available at the test-beam,
an Ar:CO2 gas mixture of 70:30 had to be used for the mea-
surements. This is not an optimal value for the operation of mi-
cromegas chambers; however, clean signals have been recorded
by applying drift and amplification voltages of VD = 230 V and
VA = 680 V, respectively. The detector was placed in nine dif-
ferent orientations to the test-beam (Figure 3) in order to study
the performance for different incident angles of primary par-
ticles. The beam axis was chosen to be perpendicular to the
readout-panel for reference measurements. Then the orienta-
tion was changed by 20◦ and 40◦, independently for the x and y
axes.
In order to study the performance of the detector under many
different operation conditions, an X-ray generator (Amptek
Mini-X) was used to generate highly energetic electrons within
the drift-region, via the photoelectric effect. A random trig-
ger has been used during the data-taking. The chamber per-
formance has been studied for different amplification voltages,
drift voltages and gas-mixtures. We focus our discussion on the
dependence on the amplification voltage. It will be shown in
the following section that the basic feature of the signal charac-
teristics in comparison between the two readout-layers, do not
depend on the gas-mixture. We therefore present our findings
2
Figure 3: Photo of the test-beam setup at the MAMI accelerator (left) and the X-ray measurement setup with the prototype chamber (right.)
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Figure 4: Measured distribution of reconstructed events during the X-ray runs in both layers (left) and for the X-readout layer (right). The readout strip with the
maximal recorded charge has been choosen for each event. The support pillar structure is clearly visible.
only for the X-Ray measurements based on a 93:07 Ar:CO2 gas
mixture and the test-beam measurements based on an Ar:CO2
gas mixture of 70:30.
The measured distribution of reconstructed events during the
X-ray runs over the readout layers in both directions is shown
in Figure 4. The presence of the support pillars of the ampli-
fication mesh is clearly visible, as they reduce significantly the
efficieny for events in their vicinity.
3. Signal Characteristics
A typical event of the test-beam measurement is shown in
Figure 5. Because of the CR-RC pulse shaping network in the
APV25 circuit, in the case of high count rate, the baseline shift
with CR-RC undershoot become non-negligible [13]. There-
fore a negative charge distribution is observed. The measured
signal in neighboring readout strips for 27 time-steps of 25 ns
lengths are shown for both readout layers. In addition, the mea-
sured signal evolution vs. time is shown for the readout strip
that contains the maximal recorded signal and also the signal
distribution over readout strips for the time step containing the
maximal recorded signal is shown for both layers. While the
measured signal in a given time-step can be described by a
Gaussian function, the time-evolution can be phenomenologi-
cally described in the bulk part by a Landau function as shown
by the fits in the two lower plots of figure 5.
The measured signal is significantly larger in the y direction,
compared to the x direction. This is due to the larger distance of
the x layer to the resistive strips and the resulting weaker capac-
itive coupling. The larger strip width cannot fully accommodate
for this effect. In addition, the measured cluster size is localized
in three to four strips for the x layer, while it affects more than
seven strips of the y-layer. This is closely related with the sig-
nal duration, which is significantly longer for the x layer, where
the full signal evolution spans over more than 300 ns, while the
signal in the y layer lasts not longer than 200 ns. Both differ-
ences can be explained by the ’V’-like shape that is seen in the
y layer (Figure 5). It should be noted that also signal on the y
layer is propagated along the resistive strips.
Before discussing the V shape in more detail, the typical
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Figure 5: Test-beam data: Recorded signal distribution of a perpendicular incident electron for the x-readout layer (top,left) and the y-readout layer (top,right). The
horizontal and vertical axes indicate the channel number and time-step, respectively. The measured charge signal at a given channel and time is encoded in the color
spectrum. The measured signal distributions for the readout-strip containing the maximum recorded signal (bottom,left) and the time evolution of charge with single
readout strip per event are also shown (bottom,right).
event shapes of the X-Ray measurement series should be dis-
cussed. Similar features that have been present in the test-beam
data can also been seen here, i.e. a larger signal strength in the
y-layer that also affects more readout-strips and evolves longer
in time. In addition, also the V shape of the signal is observed
in each event.
The initial signal of the V shape signature in the y-layer is
measured on 3-4 neighboring strips within the first 100 ns. This
is comparable to the signal of the x layer. However, the incident
charge starts to spread along the resistive strips, i.e. perpendic-
ular to the y layer strips and hence creates a tail via capacitive
coupling. Similar effect are therefore expected to be present
in all Micromegas chambers where the resistive strips are not
placed parallel to the readout-strips.
It is worth while to study the V shape signature in more de-
tail, since it affects more channels and leads to longer signal
times, which in turn reduces the capability of chambers for op-
eration at high rate. Figure 6 shows the relative signal height of
the V shape vs. time for several X-Ray measurements and two
test-beam measurements for different incident angles, where the
signal was normalized to the maximum charge. In addition, the
distance of the two signal peaks of the V shape vs. time is
shown. Both parameters show no dependence on the incident
angle. Furthermore, the distance between the signal peaks in-
creases linearly with time for all measurements. It should be
noted that the speed of signal height separation in the V shape
depends on the amplification voltage, i.e. the higher VA, the
lower the separation. This effect is therefore correlated with the
larger gain and hence to the larger signal which is induced at
the resistive strips.
Having described the basic signal properties in both readout-
layers, their dependencies on variable operation parameters like
amplification voltage, drift-voltage, gas-mixture and incident
angle of incoming particles can be discussed. The signal prop-
erties under study have been the signal height, i.e. the max-
imum recorded charge, the spatial signal width (defined as a
Gaussian width) during the time-step with the highest recorded
charge, and the integrated signal over all affected channels dur-
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Figure 6: Comparison of the V-shape for two Testbeam measurements with
different incident angles and the nominal X-Ray measurement: The signal-
strength of the V-shape vs. time (top) and the separation in µm of the two
signal-peaks vs. time (bottom)
ing the full time-evolution. While the dependencies on differ-
ent drift and amplification voltages have been studies with the
X-Ray measurements, the dependency studies on different inci-
dent angles are based on the test-beam dataset.
A summary of our results for the amplification voltage de-
pendencies can be seen in Figures 7 and 8. The signal height is
expected to increase linearly with increasing amplification volt-
age VA up to a certain VA. For VA ≥ 510 V, the signal height
of the y-layer saturates, which is due to the limitations of our
readout-system. The saturation point of the lower x-layer has
not been reached within our studies. However, below VA < 500
the increase in signal height is lower for the x-readout layer.
This contradicts a naive picture, where the increase in charge in
the resistive strips should have an equal effect on both readout-
strips. One possible explanation could be charge screening ef-
fects of the x-readout layer w.r.t. the lower y-layer. Also a dif-
ferent dependence on VA can be seen for the integrated charge
for both layers, which do not longer exhibit a linear dependence
on VA. The width of the signal distribution at the time-step
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Figure 7: Dependence of signal shape parameters on the amplification volt-
age based on X-Ray Measurements: signal height (top) and integrated signal
(bottom).
which contains the maximum charge is fully independent of VA
before the saturation. This behaviour is also expected as the
higher voltage in the amplification volume does not impact the
electron/ion spread which is mainly caused in the drift-region.
The increase of the width for VA > 510V is an artefact of the
Gaussian fit of the signal, since the signal height gets constant
over neighboring strips when reaching the readout saturation.
A similar behaviour can be seen for the width of the integrated
charge distribution over the full time.
A significant dependence of the signal shape on the incident
angle has been observed in the test-beam data (Figure 9). Dif-
ferent incident angles w.r.t. to the y-layer lead to a significant
reduction of the signal height in both layers, while we observe
no reduction for incident angles w.r.t. the x-layer. However, it
should be noted that the ratio of signal heights between both
layers is constant.
In summary, we see a different response of both layers w.r.t.
to variations of the amplification voltage and the incident angle
of particles. These differences can be explained by the differ-
ences in the capacitive coupling between the resistive strips that
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are parallel for one readout-layer but perpendicular for the sec-
ond.
4. Efficiency Measurements
In the previous section, the differences in the response of
the two readout layers have been discussed. The main ques-
tion is clearly wether these differences in the signal character-
istics lead to a change of the subsequent performance param-
eters, such as the signal reconstruction efficiency of the cham-
ber. In order to study this aspect, we define a signal as ’loosely’
reconstructable, if it shows a pronounced peak within a 75 ns
time-window around the expected peak arrival time and a peak
clearly above noise level. A ’tightly’ reconstructable signal is
defined as a ’loose’ signal that has at least two neighboring
readout strips in both directions with decreasing signal strength
and also a decreasing signal strength recorded two time-steps
of 25 ns before and after the maximal recorded charge. This
decreasing behavior in spatial- and time-direction is important
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Figure 9: Dependence of signal height (top) and the integrated charge (and) on
the incident angle of incoming particles based on test-beam data.
to achieve a precise position- and time-measurement of the
recorded event.
While ’loosely’ reconstructed events can consist of a single
signal in one readout strip, a ’tightly’ reconstructed peak has a
peak shape form in spatial and time direction. It should be noted
that signals in the saturation regime of the electronics will not
lead to a ’tightly’ reconstructed event, as neighbouring cells can
have the same height and are thefore not Gaussian but have a
plateau type form.
In a first step, we test the counting rate of ’loosely’ and
’tightly’ reconstructed events independently in the two readout
layers for different amplification voltages. The results are illus-
trated in Figure 10. Both layers show a very similar behavior.
In particular, we observe a strong increase of the counting rate
with increasing VA up to the saturation regime. At too low am-
plification voltage (eg. 475 V), the counting rate in x layer is
slightly lower than in y layer due to the x-strips get larger charge
coupling length. The results are different for the ’tight’ recon-
struction criteria. While the upper y layer shows in general a
higher counting rate compared to the x layer, we also observe a
decrease for VA in the saturation regime. This can be explained
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by the plateau type form of the measured signal for saturated
events.
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Figure 10: The counting rate of loosely (top) and tightly (bottom) reconstructed
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In a second step, we study the efficiency of one layer with
respect to the second layer, by first searching for a pronounced
peak in one layer. This peak is then used to define the time
of the maximum recorded signal by fitting a Landau function
to the measured distribution. In a second step, a pronounced
peak in the second layer is searched, that appears within a
time-window of 75 ns. It turns out, that the maximal charge
is reached at the same time for both layers. The width of the
difference of the measured peak-times of both layers is 15 ns,
implying a timing resolution of 15 ns/
√
2 in the most optimal
case per layer.
The resulting relative efficiencies for different positions on
the readout-strip are shown in Figure 11 for ’loose’ and ’tight’
reconstruction conditions. First of all, it should be noted, that
the average efficiency of the test-beam data is significantly
lower than for the X-ray results. This is due to the sub-optimal
operation conditions of the Micromegas chamber during the
test-beam run, i.e. due to the sub-optimal gas mixture and the
high amplification voltage, leading to charge saturation and a
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Figure 11: Relative reconstruction efficiency of both layers in dependence of
the position on the readout strip for loose (top) and tight (bottom) conditions
for test-beam and X-ray data.
lower reconstruction efficiency. In general, the reconstruction
efficiency of the y layer is slightly higher than the x layer, but
both efficiencies turn out to be independentof the strip position.
This is an important result, as it highlights the independence of
relative efficiency from the support pillar structure. The depen-
dence of the relative efficiencies on the amplification voltage
and the incident beam angle are displayed in Figure 12. We
see a small dependence on the incident beam angle and also
no dependence on the amplification voltage below VA < 510V .
This is an important result, as it underlines the stability of the
Micromegas detector with a two-dimensional readout structure
across varying operation and incident particle conditions. The
drop of ’tight’ reconstruction efficiency on the x-readout layer
for higher amplification voltages can again be explained by the
signal shape in the saturation regime.
5. Summary and Conclusion
In this paper, we have summarized the signal characteristics
of a 2D Micromegas detector in dependence of the applied am-
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Figure 12: Relative reconstruction efficiency of both layers in dependence of
the amplification voltage (top) and the incident angle (bottom).
plification and drift voltages and the gas mixture used, based on
test-beam and X-ray data.
While it was suggested in previous studies that a properly
adjusted width of the readout strips can equalise the charge re-
sponse of both layers, our measurements show that the effect of
a change in the amplification voltage on the charge response is
different for the two layers. In addition, we show that the choice
of two perpendicular readout layers leads automatically to a dif-
ferent signal response in both layers. However, no significant
effect on the detector performance itself could be seen. In fu-
ture test-beam measurements, it is foreseen to further study the
effect of different operation conditions on the spatial resolution.
Only small effects are expected here, since we already show that
the signal width is independent of the operation conditions.
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